ABSTRACT: Thin and ultrathin films of polyethylene of variable thickness are obtained from aqueous dispersions of prefabricated nanoscale crystals by spin-coating. Continuous films with a thickness of only 15 nm, up to 220 rim, homogeneous over hundreds of pm, or assembled discontinuous monolayers of flat-on lamella particles were prepared, depending on the solids content of the dispersion employed, as revealed by AFM and TEM. The morphology of melt-recrystallized films was not affected by the surfactant present. Homogeneous continuous films without undesirable dewetting were retained upon melting and recrystallization of the films upon cooling, composed of polygonal spherulites for a thicker film (220 nm), randomly grown edge-on lamella for a 40 nm film, and dominant flat-on lamella for a 15 nm thick film. Annealing below Tm resulted in lamella thickening, without changes of crystal orientation or structure of the particle assemblies for discontinuous monolayers. Surfactant adsorbed to the nanocrystals in the aqueous dispersion desorbs at least partially during formation of the nascent films, and upon annealing below the melting point surfactant migrates to the film-air interface to form aggregates, which can be removed by rinsing, during which the film stays intact and structurally unaltered as revealed, amongst others, by water contact angles.
INTRODUCTION
ques than the melt processing most often applied to semicrystalline bulk polymers. Thin and ultrathin polymer films are of interest both from an application oriented perspective, and for the fundamental understanding of polymer morphology and properties in confinement. 1, 2 Their structure and properties can differ substantially from bulk materials, and also the preparation of submicron films requires different techniCorrespondence to: S. Mecking (E-mail: stefan.mecking@ uni-konstanz.de) 6420 For the preparation of semicrystalline (ultra)-thin films, the polymer is commonly applied to a substrate in a nonordered state, usually as a dilute solution in an organic solvent and often at elevated temperatures. Formation of crystalline order occurs only upon evaporation of the solvent and cooling, which therefore pronouncedly influences the crystallization process. As a completely different approach, we have recently communicated the preparation of polyethylene (PE) ultrathin films from aqueous dispersions of prefabricated nanocrystals. Film formation occurs at room temperature, and water rather than organic solvents is evaporated. The nanocrystals function as mesoscopic building blocks for the film, that is well-defined crystalline order is already introduced to the film formation step. 3 Efficient interaction between the monolamellar particles via the amorphous layer, in combination with their very small sizes, results in macroscopically continuous ultrathin semicrystalline PE films. Electron diffraction confirms that the nanoscale crystalline phase present in the primary PE nanocrystals is maintained in the nascent films.
We now give a full account on the nature and structure of PE films prepared from aqueous dispersions of prefabricated nanocrystals. The nascent morphologies and behavior at elevated temperature of submicron films of variable thickness are addressed, as well as the fate of surfactant, which provides colloidal stability in the original PE dispersions.
RESULTS AND DISCUSSION
The as-obtained PE dispersion contains just enough surfactant to afford colloidal stability of the particles but no free surfactant, as confirmed by a high surface tension of >60 mN mt, therefore the dispersion was directly applied for the film preparation without any further treatment, such as dialysis. Detailed characterization of the dispersion has been provided elsewhere. 4 In brief, the as-prepared PE dispersion typically contains a polymer content of about 2 wt % with particle size of about 10 nm as determined by dynamic light scattering (DLS). The particles are composed of highly linear PE with about 5 methyl branches/ 1000 carbon atoms and a high molecular weight of Mn = 300 kg mol-1 (Mw/Mn = 1.7). The bulk polymer melts at T m = 133 °C and possesses a degree of crystallinity of rv55% as determined by differential scanning calorimetry (DSC). Cryo-TEM illustrated the distinct anisotropic disc-like shape of the highly crystalline particles, with a thickness of about 9 nIl\, and lateral diameter of about 24 nm. SAXS analysis demonstrated that the disc-like particles essentially consist of one single lamella with a lamellar thickness of about 6 nm, sandwiched between two about 1 nm amorphous layers.
Nascent Crystalline Films
Directly drying the as-obtained dispersion on a substrate affords continuous films of micrometer 6421 thickness. To reproducibly prepare microscopically smooth and uniform submicron PE films, spin-coating was applied. By varying the polymer content of the applied dispersions, and the spincoating rotation frequency, films of variable thickness ranging from 15 nm to 300 nm were obtained. The film thickness is mainly determined by the polymer solids content of the dispersions employed. AFM images of the films prepared from the dispersion with various polymer content of 8 wt %, 0.8 wt %, and 0.2 wt % [ Fig. l(a-c) ] illustrate that a sufficiently high polymer content (>0.8 wt %) is required to obtain complete coverage of the substrate on a large scale, otherwise isolated "holes" form as seen in the phase image [Supporting Information Fig. Sl(b) ]. AFM height and phase images show a uniform morphology and the absence of large crystalline structure, even for the thickest film studied here. This is in agreement with TEM analysis on free-standing polymer films, which were prepared by floating the films off the substrate in water and transferring onto a copper grid. TEM micrographs of about 150 nm thick film show an overall uniform structure, with minor electron density variations on a local scale [Supporting Information Fig. Sled) ].
At a low polymer content of 0.2 wt %, the particles assemble as a discontinuous monolayer on the substrate. Surprisingly, height cross sections on the assembled structures show a rather uniform thickness of 8-9 nm [ Fig. 1(c-2) ]. Considering the anisotropic shape of the particles, this indicates that the primary crystals orient preferentially with their lamellae laying flat on the substrate. Height cross sections on a 220 nm thick film show that even at this relatively high film thickness, the surface roughness only varies in the range of about ±5 nm [ Fig. 1(a-2) ], which implies a layer-by-Iayer packing of the particles in the nascent films probably is maintained even up to hundreds of nanometres.
It is noteworthy that the area marked with an arrow in Figure l (c-I) is probably composed of surfactant (SDS) desorbed from the PE particle surface during film formation. A height cross section shows its typical thickness of 1-2 nm and rather smooth surface [ Fig. 1(c-2) ]. Phase images indicate its different viscoelastic properties by comparison to the surrounding area covered by PE particles and to the uncovered substrate [Supporting Information Fig. S1(c) ]. Distribution of the surfactant in the nascent films, and the effect of annealing thereon will be discussed in more detail below. In preparation of annealing studies (vide infra), the melting temperature of the films of different thicknesses was studied with a differential ACchip calorimeter [Supporting Information Fig.  S2 (a»). The melting peak temperature of about 300 nm and about 50 nm film was determined to be 131 DC and 128°C, respectively, which shows no significant melting depression in the submicron thin films compared to the bulk material (T m = 133°C in the first heating trace of a standard DSC measurement with a heating rate of 2 K min-I). A formation oflarge droplets induced by a conceivable dewetting during the AC calorimetry measurements can be excluded. AFM on the film previously subject to the AC-chip calorimetry experiment shows a complete coverage of the chip sensor surface by the film with a surface roughness of about 10 nm [Supporting Information Fig.  S2(b) ].
In the film forming approach we report here, the crystalline order already exists before film formation, thus the size and degree of perfection of the crystallites are expected to be uniform over the whole film thickness. By contrast, a depression of the melting point with decreasing film thickness has been reported in various solution cast films. The observed depression was attributed either to less perfected crystalline order in proximity to the film-air interfaces, or to strong interactions between the substrate and the polymer. [5] [6] [7] Morphology of Films Recrystallized from the Melt For bulk semicrystalline polymers the crystalline morphology, crystallization kinetics and the mechanical properties are closely correlated to one another, as documented by numerous studies. 9 Pioneering studies of isolated PE crystals have been ground-breaking for understanding polymer crystallization,10,11 and crystal growth, reorganization phenomena and so forth are still subject to debate. 1 2-16 Closely related, the morphology of PE thin and ultrathin films has also received considerable attention recently, amongst others in the context of understanding confinement effects on polymer crystallization. 5 ,17,18 Spherulites are a common morphology of bulk crystalline polymers and micrometer thick films. However, in thin and ultrathin films, the morphological details and crystallization kinetics are significantly influenced by the confinement in one dimension, and interactions between the polymer and the substrate. [19] [20] [21] Water-soluble additives, especially surfactant, can have a profound effect on the film formation process from polymer dispersions. 22 . 23 Given that the SDS surfactant present in the PE dispersion remained at least partially in the nascent films, the morphology of films recrystallized from the melt by heating the nascent films once above the melting temperature was studied to elucidate the evolution of film morphologies with respect to the film thickness and any conceivable influence of surfactant molecules thereon.
The as-prepared films were heated to 160 DC and kept at this temperature for 10 min, then cooled to ambient temperature for AFM imaging (Fig. 2) . Constant heating and cooling rates were applied to ensure the same thermal history of the films studied. By keeping the film above the melting temperature for 10 min, presumably the structure of the primary crystals is entirely overcome and the material subsequently crystallized from a molten state under the confinement in one dimension. Note that the crystallization event is not intervened by evaporation of any organic solvent, therefore the crystalline morphology observed here is reasonably discussed only versus previous observations on solvent-cast films which had undergone thermal treatment to remove the previous thermal history from the film preparation process.
For the continuous films with a thickness ranging from about 40 nm up to several hundreds of nanometres, in all cases spherulitic structures were observed, with varied morphological details. In the 220 nm thick film, more conventional polygonal spherulites formed with a diameter up to ",,0.1 mm, and a characteristic extinction pattern can be distinctly observed by optical microscopy [crossed polarizers, Supporting Information . In 40 nm films, some areas of irregular shapes between the crystallized lamellae were revealed to be uncovered of polymer by the phase image [ Fig. 2(d) ] , which probably resulted from a limited amount of material available to the lamellar growth front in such ultrathin films, rather than dewetting. 25 For the 15 nm film, and also in discontinuous monolayers, annealing at 160°C results in obvious dewetting and the formation of large droplets. By lowering the annealing temperature to 130 DC, and applying a shorter annealing time of 3 min, flat-on lamellae form predominantly as indicated by their height and lateral size given by the line cross section profile ( Fig. 2 (e-1,2) and inset of an enlarged area in (e-1)].
It is interesting to note that in the melt-crystallized films of thickness ranging from 40 to 220 nm, edge-on lamellae are the preferred crystalline form. This can be better distinguished in the phase images [ Fig. 2(d) , inset of an enlarged area in (d) and Supporting Information Fig. S3(c) ]. In the samples studied, flat-on lamellae become dominant only at a film thickness of 15 nm. The orientation of lamellae with respect to film thickness is still under debate, and subject to both theoretical 26 and experimental studies.25.27.28 It is generally agreed that the primary nuclei adopt an edge-on orientation on the substrates, which grows further along this orientation in films of sufficient thickness. 24 With decreasing thickness, the growing lamellae tend to change to flat-on orientation in favor of lowering the interfacial energy· between the crystallized lamellae. 5 However, the corresponding critical film thickness varies for different polymers, and the thermal history of the films. In our case we observe that the critical thickness approaches the dimension of the lamellar thickness of the primary PE crystals. Besides factors such as temperature, or polymersubstrate interactions, in our case a contribution of enhanced surface nucleation on the film surfaces enriched with impurities such as extruded surfactant, can not be excluded as well. A migration of the surfactant molecules towards the filmair interface upon heating was indicated by the annealing of ultrathin films below the melting temperature, as discussed below.
Annealing of PE Crystal Monolayer Assemblies and Ultrathin Films
For semicrystalline polymers, annealing generally can have a significant impact on their morphology. This is mainly attributed to an enhanced chain mobility at temperatures higher than the crystallization temperature at which the original crystalline structure formed. For example, lamellar thickening on a local scale upon annealing has been visualized directly by AFM on either polymer single crystals of micrometer size,13,14 or monolamellar polymer crystals. 29 ,30 For the novel film structures studied here, annealing also gives insights regarding the role and fate of surfactant.
As described previously, by varying the polymer content of the spin-coated dispersion, discontinuous monolayer assemblies of PE crystals and continuous ultrathin films can be obtained. In both cases the primary crystals have preferred flat-on orientation with respect to the substrate surface, as indicated by, either the AFM height cross section profile on the crystal assemblies, or for the nascent continuous ultrathin films the observed variation of electron diffraction patterns from continuous (hkO) diffraction rings to arcs by tilting the film surface with respect to the electron beam. 3 To elucidate the effect of annealing on the orientation of crystallites in films of various thickness, annealing below the melting temperature was studied for both discontinuous monolayers of flat-on assembled primary crystals, and the ultrathin films composed of preoriented primary crystals.
Annealing of Discontinuous Monolayer Assemblies
For direct observation of the development of morphology, the annealing was carried out in situ on the hotstage of an AFM instrument. Annealing at 75°C for up to 20 h did not induce significant changes of the crystal thickness, as illustrated by a comparison of the height in the images recorded at 75°C and room temperature [ Fig. 3(a,c) and corresponding height cross sections]. Interestingly, the surfactant aggregates could be removed by rinsing thoroughly with water without destroying the monolayer (as studied on a sample [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.l annealed at 75 DC). This is confirmed by the disappearance of about 2 nm "islands" between assembled particles in both height and phase images [ Fig. 3(a--d) ]. AFM images were taken at several positions to ensure that they are representative for the sample surface.
To follow the evolution of morphology with temperature and time, AFM images were recorded at the same position during further annealing [ Fig.  4(a-c) ]. With increasing of the annealing temperature to 90°C, no pronounced reorganization occurred, besides a smoothening of the monolayer surface on a local scale [ Fig. 4(b) ]. The ~average thickness did not increase significantly as indicated by the line cross section.
After further annealing at 110°C for 125 min, significant thickening was observed in some areas [for better illustration, compare inverted height images of two representative thickened areas, Fig. 4(e,f) ]. The "cheese-hole" structure of the covered areas in the original sample, reflecting the boundaries between the primary crystalline domains, has disappeared nearly ~ completely, probably due to enhanced diffusion of the chains on the substrate at higher temperature. Corresponding line cross sections show that the maximum thickening amounts to about 13 nm, by comparison to the average thickness of about 7 nm at 75 "C [ Fig. 4(g) ]. Notably, a partial melting was observed in the nearby regions marked with arrows, as indicated by a drastic decrease of height at the corresponding positions. The height cross section profiles of Figure 4(a-c) show that the lateral extension of the assembled particles decreases slightly with increasing height at higher temperature, as expected [ Fig. 4(g) ]. However, with consideration of the amorphous layers which are unlikely to be completely penetrated by the AFM tip under the applied moderate tapping force, the thickening effect we observed here just slightly exceeds the initial folding length of 12 nm for linear PE at a crystallization temperature of 110°C as reported by Barham et al. 31 Annealing for a longer time at 110 "C did not result in a further increase of lamella thickness. Note that the applied moderate imaging force has no additional effect on the observed lamellar thickening, as confirmed by a height cross section on a larger scanning area which includes the continuously scanned region in the images described earlier, and previously unscanned neighboring areas. A similar extent of lamellar thickening was observed over the whole length of the line scan [ Fig. 4(d-1,2) ]. The thickened lamellae maintained their thickness after cooling to room temperature, as expected.
Note that by comparison to a typical lateral extension of several microns of the polymer single crystals subjected to the previous literature studies, the lateral dimension ofthe crystal assemblies 6427 studied here is in the range of hundreds of nanometres, thus the neighbouring chains of each crystallite available for its reorganization are highly limited. Based on the aforementioned observations, we assume that the lamellar thickening in the discontinuous monolayer occurs via local disentanglement and reorganization of chains in the amorphous phase due to enhanced mobility at elevated temperatures, rather than chain unfolding as reported for ultralong alkane and PE single crystalS. 14 , 32 The persistence of flat-on lamella orientation is in agreement with previous AFM observations on annealing of isolated solution-grown PE single crystals in the absence of traces of organic solvent. 14 To investigate whether surfactant molecules have any effect on the lamella thickening, annealing of the discontinuous monolayer was also carried out without any intermediate washing procedure, which was usually employed in film sample preparation to remove SDS des orbed from the particle surface in deposition via spin-coating. The results show a similar trend of lamella thickening versus the annealing temperature (Supporting Information Fig. S4) . A significant thickening effect was observed at a high temperature of 110°C, with simultaneous partial melting adjacent to the thickened regions (indicated by the formation of holes), as expected from the observations described earlier during annealing of the washed sample. A maximum thickening was observed to a similar extent of up to 14 nm (from an original height of 8 nm) at 110-115 °C [Supporting Information Fig. S4(e) ]. In contrast, the thickness of the areas covered only by SDS aggregates [marked with arrows in Supporting Information Fig. S4(a,e) ] remained nearly constant up to 115 "C. Therefore, a significant contribution to the observed height increase of PE monolayers by aggregation of surfactant residues can be excluded.
Annealing of Continuous Ultrathin Crystalline films
A nascent continuous film of about 50 nm was annealed in a Linkam hotstage, and studied by AFM after rapid cooling (with a cooling rate of 50 K min-I) to ambient temperature (Fig. 5) . AFM images were recorded at the same position for direct comparison. After annealing at 95°C for 24 h, new structures of about 30 nm in height and several hundred nm in diameter appeared in height images [marked with arrows in Fig. 5(b) ]. For better illustration, height and phase images of the square marked area in Figure 5 (b) are enlarged in Figure 5(c-l) , which show that these newly appeared structures consist of several layers, with a thickness of about 5 nm for each layer as given by the height cross section profile. The phase image [ Fig. 5(c-2) ] reveals that the stacking of multilayers is often surrounded by some "island" like structures, which also show different phase variation from the surrounding area. However, by rinsing the film-air interface with water, the previously observed dots and "islands" were removed in both height and phase images [ Fig. 5(d-l,2) ]. This indicates their composition of , The experimental accuracy of contact angle determination is estimated to be about ± 10". The static contact angle on a freshly cleaned silicon wafer substrate was determined to be <20". aggregated surfactant, probably formed by migra~ tion of SDS extruded towards the film-air interface upon annealing. A similar extrusion effect of surfactant during annealing of latex films has been observed previously.33 Further annealing at higher temperatures up to 120 °C shows no additional formation of SDS aggregates, or any changes of surface morphology. Moreover, the boundaries between crystalline domains can still be clearly recognized in the phase image after annealing at a such high temperature, which indicates no occurrence of surface melting even at 120 °C [ Fig. 5(e) ]. After annealing at a temperature up to 130 "C, a dendrite like morphology formed after rapid cooling to room temperature [ Fig. 5(t) ], which is characteristic of melt-crystallization in ultrathin films.
These findings show lamellar thickening on a local scale to occur in the discontinuous monolayers upon annealing at a sufficiently high temperature of about 110°C. Annealing of the continuous ultrathin crystalline films at temperatures up to 120°C did not induce observable changes of film morphology, which would, however, be more difficult to detect by comparison to the discontinuous monolayer, as the extent of expected lamellar thickening is in the range of the surface roughness of the nascent ultrathin continuous films.
Distribution of Surfactant in the Films
Taking into account the composition of the as-prepared PE dispersions (ca. 2 wt % polymer content and 0.7 wt % surfactant content), and as a simplification assuming spherical PE particles with a diameter of 10 nm, the specific particle surface coverage per SDS molecule is estimated to be about 0.8 nm 2 , which agrees well with a reported value of an effective head group area of 0.62 nm 2 for SDS in neat water. 34 The SD.8 surfactant added into the polymerization medium can be assumed to adsorb onto the surface of the PE particles formed completely, affording their colloidal stability. The high surface tension of 60 mN m-I also confirms the absence of SDS micelles in the asprep,ared PE dispersions. During film formation from surfactant-stabilized polymer dispersions, the surfactant molecules desorb from the particles and form aggregates, which, depending on the compatibility of the surfactant with the polymer, may be uniformly distributed within the film, or enriched at the film interfaces. 22 Enrichment of surfactant molecules at both the polymer-substrate interface and the film-air interface has been directly observed by various spectroscopic methods. 35 However, these observations have only been realized in 11m thick films, due to a depth resolution limit. To estimate the distribution of surfactant in our nascent and annealed films at different film thicknesses, static contact angles were determined (Table 1) .
For the nascent continuous films, low contact angles of ::;20° were observed for the whole range of film thicknesses studied, which indicates the enrichment of surfactant at the film-air interface. Annealing below melting temperature, at 75 and 95°C for ultrathin and thin films, respectively, already resulted in significantly increased contact angles, despite that formation of SDS aggregates on the film-air interface was observed after this low temperature annealing step (Fig. 5) . In addition, the annealed film could not be floated off the substrate as in the case of nascent films, which renders itfeasible to rinse the film-air interface of the annealed films with water intensely. However, no significant changes of contact angles were observed before and after the rinsing procedure. The earlier observations suggest that the film-air interface of the nascent films was covered by desorbed SDS, although the SDS layer can not be directly observed by AFM. Upon heating, the continuous SDS layer, probably also surfactant migrated from the film-substrate interface, form large aggregates at the film-air interface. However, since the lateral dimension of these aggregates (several hundreds of nm) is very small as compared to the size of a water droplet (~2 mm in diameter) applied in the contact angle measurements, the wettability of the film-air interface is rather dominated by the hydrophobic PE film, which is in agreement with theoretical predictions of the contact angle on a smooth but chemically heterogeneous surface according to the Cassie equation. 36 For films thicker than 50 nm, higher annealing temperatures or longer annealing time were required to increase the contact angle to a similar extent (Table 1) , which is probably due to hindered diffusion of the surfactant molecules in the thicker films. For the as-prepared discontinuous monolayer, an intermediate contact angle of 30° between a freshly cleaned silicon wafer substrate and PE film was observed, which increased to a smaller extent after annealing. This is probably due to too low amount of SDS in such thin material to form a continuous surfactant layer [ Fig. 3(a,b) ]. In the films recrystallized from the melt, the contact angle was observed to increase to a similar extent as in annealed films, except for the· slight decrease in a 15 nm ultrathin film, which may be attributed to a discontinuous coverage ofthe substrate after melting [ Fig. 2(e-1,2 ].
SUMMARY AND CONCLUSIONS
Thin and ultrathin semicrystalline PE films of variable thickness can be prepared from aqueous dispersions of prefabricated nanocrystals. This approach differs fundamentally from more traditional routes to submicron semicrystalline films, in which the polymer is initially in an entirely disordered state (usually in organic solvents), and the crystalline order is only formed on the substrate upon solvent evaporation and/or cooling.
Spin-coating afforded continuous films composed of nanocrystals of linear PE, interacting via their amorphous surfaces, with a thickness from as low as 15 nm up to several hundred nm. These nascent films posses a homogeneous topography over hundreds of micrometers, as revealed by both AFM and TEM. For a 40 nm film and thicker films studied, recrystallization from the molten state upon cooling did not result in dewetting and afforded again continuous films despite the presence of surfactant. The morphology of the recrystallized films depends on their thickness. While thicker films are composed of polygonal spherulites, randomly grown edge-on oriented lamella predominate thin films due to one dimensional confinement. Dominant formation of flat-on lamella was observed only in a film of 15 nm thickness. Overall, the morphology of these meltrecrystallized films is similar to the films originally cast from solution, and not influenced by the surfactant introduced with the original primary nanocrystals.
Thermal annealing of discontinuous assembled monolayers of PE nanocrystals below the melting temperature resulted in lamella thickening without changes of crystal orientation, or structure of the particle assemblies, likely via local disentanglement and reorganization of polymer chains.
Surfactant adsorbed to the nanocrystal surface in the aqueous dispersion desorbed at least partially during formation of the nascent films. Upon annealing below the melting point, the surfactant molecules migrate toward the film-air interface to form aggregates, which can be removed by rinsing with water, without any other observable undesired effect on film structure, and stability.
The approach reported can also be of practical interest for the preparation of semicrystalline polymer film under conditions where organic solvents and elevated temperatures are undesired, for example, due to substrate sensitivity. The obtained bulk polymer was filtrated and dried under vacuum overnight. The molecular weight was determined by size exclusion chromatography at 160°C (vs. linear PE standards). 'l'hermal properties of the bulk polymers and dispersions were determined by DSC on a Netzsch Phoenix 204 Fl. The degree of branching was determined from 13C NMR spectra of isolated bulk polymers in 1,1,2,2-tetra-chloroethane-d 2 recorded at 120°C. Particle size of the dispersions was determined by DLS on a Malvern Nano Zeta Sizer ZEN 3600 (173° back scattering) on diluted dispersions obtained by adding a few drops of as-prepared dispersion to about 1 mL of distilled water.
Preparation of Films
Polished glass slides or silicon wafers were cleaned by immersing in a 7:3 vol. mixture of 96% H 2 S0 4 and 30% H 2 0 2 at 80°C for about 30 min, rinsed thoroughly with distilled water in an ultrasonic bath, and dried in air. Freshly cleaved mica was used as such. The films were prepared by placing 30-40 JlL of PE dispersions of variable polymer solids content onto a clean substrate, -then spin-coating with a rotation speed ranging from 20()0 to 4000 rpm at room temperature on a custom-made spin-coating device. Thicknesses of thus obtained films was determined by AFM measurements on purposely introduced scratches at several different positions on the film surface. The nascent films appear transparent. For TEM analysis, the as-prepared film on a substrate was inserted into distilled water at an angle of about 45°. The floated-off film was then transferred onto a copper grid and dried at room temperature overnight before TEM analysis. For annealing experiments the film was annealed with an appropriate temperature program in a Linkam hotstage (THMS 600) equipped with liquid nitrogen cooling.
AFM Imaging
The topography of the films was measured with a JPK NanoWizard instrument in the intermittent contact mode using a Silicon tip with force constant of 40 N m --1 and resonant frequency of about 300 kHz. The set point amplitude Asp was set just sufficient to follow the topography of the film, and minimize any possible deformation of the film surface by the scanning probe. Height, phase and amplitude images were recorded simultaneously. For measurements at elevated temper-6431 atures, the sample was heated to the desired temperatures on a heating stage incorporated in the scanning system. The temperature variation of the heating stage was determined separately to be ±2 °C with a PT100 thermocouple. The thermal drift of the cantilever resonance curve was tuned at each measurement temperature. 
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